Chitin is a minor but essential component of the Saccharomyces cerevisiae cell wall. In wild-type, chitin synthase II is required for the formation of primary septa and chitin synthase III (CSIII) is not essential. However, in chs2 mutants CSIII becomes essential for the formation of aberrant septa. We examined which of two CSIII functions, the formation of a chitin ring at bud emergence or of chitin in the remedial septa, was required for viability. By using cell cycle synchronization in combination with nikkomycin Z, a specific inhibitor of CSIII, we inhibited chitin synthesis in a chs2 mutant, during formation of either the ring or the remedial septa. The results show that only synthesis of the chitin during aberrant septa formation is essential for viability. Thus, the unique function of the chitin ring seems to be maintenance of the integrity of the mother^bud neck, as we recently found, and the importance of chitin in septum closure, both in normal and abnormal situations, is underlined.
Introduction
The Saccharomyces cerevisiae cell wall contains a small amount of chitin, amounting to only a few percent of the total weight, but this chitin is required for cell viability (see [1^3] for reviews). Some of the polysaccharide is dispersed throughout the cell wall, but most of it is found at the mother^bud neck or in bud scars. At bud emergence, a chitin ring is laid down at the neck [4] , in a reaction dependent on chitin synthase III (CSIII). Later, at cytokinesis, a chitin primary septum, requiring chitin synthase II [4] , is formed concomitant with the contraction of an actomyosin ring [5] . Completion of the primary septum is followed by the formation of secondary septa [1, 2] . CSIII is not required for this process, since mutants in CHS3, which codes for the putative catalytic subunit of CSIII, have normal septa and are viable [4] . However, in cells defective in CHS2, CHS3 becomes essential [4] . chs2 mutants exhibit an abnormal pattern of septation [4, 5] . The chitin ring at the mother^bud neck is formed normally, but no primary septum or actomyosin ring contraction is observed at cytokinesis. Instead, an inward growth of the cell wall takes place at the neck, pushing the plasma membrane centripetally and ending up in the formation of thick, aberrant septa. We have interpreted this cell wall growth as the formation of secondary septa at 90 ‡ of their normal direction, caused by the lack of a primary septum template [5] . The remedial septa are rich in chitin [4] , which, like the chitin ring, must have been formed by action of CSIII, because the cells in question were defective in both CHS1 and CHS2.
Thus, the CHS3 essentiality in chs2 mutants must be interpreted as a requirement for the aberrant septation. It was not clear, however, whether CSIII was needed here because of its role in formation of the chitin ring or of the chitin found in the remedial septa, or both. Our interest in this point was stimulated by our recent ¢nding that the chitin ring cooperates with septins in maintaining the integrity of the mother^bud neck. Is the chitin ring also required for the aberrant septation and perhaps, although not essential, somehow involved even in normal cell division ? To answer this question, we used cell cycle synchronization combined with speci¢c inhibition of CSIII either during ring formation or during septation in chs2 mutants. The results show that it is the chitin laid down in the aberrant septa, rather than in the chitin ring, that is essential for remedial septation and viability.
Materials and methods

Yeast strain and growth conditions
The strain ECY46-3-4A (MATa ura3-52 lys2-801 ade2-101 trp1-v63 his3-v200 leu2-v1 chs2: :TRP1) [6] was grown in synthetic complete medium [7] at 30 ‡C.
E¡ect of nikkomycin Z on morphology of ECY46-3-4A
Single, unbudded cells were isolated as previously described [8] and incubated in synthetic complete medium at 30 ‡C either in the absence or in the presence of 1 mM nikkomycin Z (Calbiochem).
E¡ect of nikkomycin Z on septation or chitin ring formation
Single, unbudded cells of ECY46-3-4A were isolated as indicated above, suspended in synthetic complete medium, containing 0.2 M hydroxyurea, at V5U10 6 cells ml 31 and divided between two 2-ml aliquots. One of them (A) received no addition, whereas to the other (B) nikkomycin Z was added to a ¢nal 1 mM concentration. The cultures were incubated at 30 ‡C until all cells had budded (V3 h). Each culture was divided into two halves, which were transferred to microcentrifuge tubes and centrifuged. After washing with 1 ml of growth medium, cells were suspended in 1 ml of concanavalin A-rhodamine (Molecular Probes) at 100 Wg ml 31 in 0.1 M sodium chloride and placed on a rotator in a dark room for 10 min. After centrifuging again, pellets were washed once with 0.1 M sodium chloride and suspended in 1 ml of synthetic complete medium. One of the tubes originated from A and one of those coming from B was supplemented with 1 mM nikkomycin Z and all four cultures were incubated at 30 ‡C until most cells had budded again (V4 h). The cultures were centrifuged, cells were suspended in 0.01% Calco£uor white and observed in the £uorescence microscope. Fluorescence microscopy was carried out as described in [6] . As multi-bandpass emission ¢lter and dichroic mirror, 82101m and 82100bs (Chroma) were used. As excitation ¢lters, D560U20055 (Chroma) was used for concanavalin A-rhodamine and D360U40 (Chroma) for Calco£uor. Photographs of about 50 cell groups were obtained for each culture.
Measurement of cytokinesis after nikkomycin Z treatment
An experiment identical to that described above, but omitting the staining with concanavalin A-rhodamine or with Calco£uor white, was carried out. At the end of the second incubation cells were ¢xed with 5% formaldehyde and stored overnight at 4 ‡C. After centrifuging, cells were washed twice with phosphate bu¡er saline and suspended in 1 ml of 0.8 M sorbitol, containing 25 mM citrate^phos-phate bu¡er, pH 6.5, 1 mM ethylenediaminetetraacetate, 50 mM 2-mercaptoethanol and 100 Wl of snail enzyme (Cytohelicase, Industrie Biologique Franc°aise). After incubation at 30 ‡C for 80 min with gentle shaking, the percentage of single cells, budded cells and three-cell groups was determined in each sample. More than 200 cell groups were counted in each case.
Results
To shut o¡ the activity of CSIII at di¡erent points in the cell cycle, we used, as on a previous occasion [9] , nikkomycin Z, a speci¢c competitive inhibitor [10, 11] of the enzyme. It was ¢rst necessary to ¢nd out whether inhibition of CSIII by nikkomycin Z was as e¡ective as a mutation in the CHS3 gene. In past work, to study the result of a defect in CSII and CSIII, we had used a chs2 chs3 mutant, rescued by a plasmid carrying CHS2 under the control of a GAL1 promoter [4] . When Chs2p was depleted by shifting the culture from galactose to glucose, the cells ¢rst manifested a three-cell morphology. Then one of the three cells started swelling with a large vacuole, while cell aggregates were formed. After overnight incubation, all cells were swollen or lysed [4] . Here, we started from a reciprocal situation. The strain used, ECY46-3-4A, contained a null mutation of CHS2 and nikkomycin Z was used to shut o¡ CSIII activity. The culture was started with unbudded cells isolated by sucrose gradient centrifugation. To half of the culture, nikkomycin Z was added and the other half served as a control. In the control, cells budded normally ( Fig. 1 ) and later (7 h) gave rise to clumps, as is generally the case for chs2 mutants [4] . The clumps were reduced in size in stationary phase (24 h) and the cells still looked normal. In the presence of nikkomycin Z, however, the cells underwent similar changes to those observed upon depletion of Chs2p in a chs3 background. Groups of three cells were formed (Fig. 1) , presumably resulting from a defective cytokinesis followed by new budding without mother^daughter separation (see below). At 7 h, many cells were swollen (Fig. 1) . After overnight incubation, most cells were either swollen with large vacuoles or lysed (Fig. 1) . The lysis was similar, although a little less pronounced, to that previously described in chs3 cells depleted of Chs2p. We concluded that nikkomycin Z addition caused similar consequences as a CHS3 mutation and proceeded to use the inhibitor to control chitin ring formation.
To inhibit selectively the formation of either the chitin ring or the chitin in abnormal septa, the experiment illustrated in Fig. 2 was carried out. Single cells of ECY46-3-4A were isolated and suspended in growth medium containing hydroxyurea, which blocks the cells in S phase and prevents septation but not budding. The culture was split into two halves, to one of which nikkomycin Z was added to inhibit chitin ring formation, and incubated at 30 ‡C. When all cells had given rise to large buds, the two cultures were centrifuged, washed with growth medium and brie£y incubated with concanavalin A-rhodamine to stain the cell wall of the original cell pair for further identi¢ca-tion. After suspension in fresh medium, each culture was again split into two, to one of which nikkomycin Z was added, before a second incubation at 30 ‡C. Thus, of the four ¢nal cultures one received no nikkomycin Z either in the ¢rst or second stage (3/3), one had the inhibitor in both incubations (+/+), one received it only in the ¢rst stage (+/3) and one only in the second stage (3/+). When most of the cells in all cultures had given rise to a new bud, the incubation was stopped. The cells were harvested and stained with Calco£uor white, which yields a £uorescent complex with chitin and also marks the cell outline of both original cells and new buds. Photographs of about 50 cell groups of each culture were taken in the £uorescence microscope in both the rhodamine and the Calco£uor channel. The images were examined for the presence of septa or chitin rings both in the original cell pair (marked by concanavalin A-rhodamine staining) and in the new buds. Typical examples, in both budding patterns observed, are shown in Fig. 3 . In the control (3/3), septa were seen between the two original cells, stained red in the rhodamine channel, and chitin rings or sometimes septa between one of the original cells and a new bud (Fig. 3A^D) . Note that the aberrant septa appear here as a crescent on the mother cell side (Fig. 3B,D) . In wild-type cells (data not shown) the £uo-rescent septa look thinner and more symmetrically distributed between the two cells. This may be due to an optical e¡ect or to digestion of part of the chitin of abnormal septa by the chitinase formed in the daughter cell at cell division [12] . As expected, neither septa nor rings were usually found in the sample +/+, which received nikkomycin Z in both stages (Fig. 3E^H) , except for some rings in later buds (see below). In the sample +/3, where ring formation was prevented but chitin synthesis allowed in the second stage, both septa in the original pair and chitin rings in the new buds can be seen (Fig. 3I^L) . Finally, in the sample that contained nikkomycin Z only in the second stage (3/+), chitin rings but not septa were made between the cells of the original pair and neither rings (with some exceptions) or septa could be seen between those cells and later buds. In cases where the distinction between rings and septa was somewhat di⁄cult, it was facilitated by increasing the magni¢cation (Fig. 4) .
Numerical values con¢rmed the individual observations (Table 1) . Some septa, however, were unexpectedly observed in the 3/+ sample and some chitin rings in the new buds both in this and in the +/+ sample. These results may be due to a slightly less than total inhibition of CSIII by nikkomycin Z, also re£ected in the lower level of lysis of chs2 cells treated with the inhibitor (see above). On the other hand, the distribution of septa and rings was remarkably similar in the 3/3 and in the +/3 pair. The same is true of the +/+ and the 3/+ pair. All these results indicate that the chitin ring is not necessary for the formation of remedial septa, but some synthesis of chitin by CSIII is required.
To dispel any doubt that the results were a¡ected by misinterpretation or overinterpretation of the images, we also used a di¡erent approach to monitor cytokinesis. An experiment was carried out exactly as the preceding one, but omitting the staining of the cells either with concanavalin A-rhodamine or Calco£uor. At the end of the second incubation the cells were ¢xed with formaldehyde and incubated with snail enzyme to digest cell walls. With this treatment, only cells that completed cytokinesis will separate from each other. The percentages of single cells, budded cells and three-cell groups were determined in the digest (Fig. 5) . The control (3/3) yielded an approximately equal number of single and budded cells, as expected if all the original pairs had made a septum, but in the new budding few septa had been completed. A similar pattern was observed with the +/3 sample. In the +/+ sample, the budded cell and the three-cell population increased, whereas that of single cells decreased sharply. Actually, no single cell would have been expected in this case, because no septa should have been made and none was seen in the experiment of Fig. 3 and Table 1 . We attribute the presence of single cells to some breakage of the connections between three-cell groups. As seen under the microscope, those cells were joined at the center of the group by very slender ¢lament-like bridges, one of which may have easily broken, even under slight mechanical stress. Whatever may be the origin of single cells, the dis- In some cases, such as the ¢rst stage of 3/3 or the ¢rst and second stage of +/3, the sum of septa and rings is less than the total number of cell groups observed, because some of the neck regions were di⁄cult to see due to focusing or position problems. In those cases, no assignment was made.
On the other hand, there are instances, such as either stage of +/+, where no septa or rings were expected. However, some rings were visible in the second stage. The meaning of the plus and minus signs is the same as for Fig. 3 . In each group, the ¢rst bar refers to single cells, the second to budded cells and the third to groups of three cells. Observe the similarity between the 3/3 and the +/3 groups on the one hand and between the +/+ and the 3/+ groups on the other. Fig. 6 . Functions of CSIII.
tribution was again very similar in the +/+ and in the 3/+ sample, as expected (Fig. 5 ).
Discussion
Our previous work showed that the chitin ring and the septin ring, both formed at bud emergence, cooperate in preventing growth at the mother^bud neck and thereby maintain the neck diameter constant throughout the cell cycle [9] . We also showed that integrity of the neck region, disrupted by a double defect in septins and chitin ring, is essential for survival of the cell [9] . The synthetic lethality between chs2 and chs3 mutations indicated that chitin synthesis by CSIII is necessary for the remedial and aberrant septation of chs2 mutants. CSIII is responsible for synthesis of both the chitin ring and of the chitin interspersed in the remedial septa. It was not clear whether chitin at only one or at both locations was required for the formation of aberrant septa. Our results show that the chitin ring is not necessary for the remedial septa, because the latter were formed when synthesis of the ring was abolished by nikkomycin Z. Conversely, when the ring was allowed to be made but further chitin synthesis was prevented, few septa were completed. This shows that the chitin found in the aberrant septa is the one required for remedial septation, as we proposed earlier [5] . We conclude that the only function of the chitin ring in normal cells is to contribute to the integrity of the mother^bud neck.
We previously suggested that the remedial septa laid down in chs2 or myo1 mutants are actually secondary septa growing at 90 ‡ of the normal orientation and pushing the membrane inward [5] . If this idea is correct, one would expect normal secondary septa to require CSIII, as the aberrant ones do. This is not the case, however: chs3 mutants, in a CHS2 background, show trilaminar septa, including normal secondary septa [4] . Our explanation of this result is that in the cases of the remedial septa additional force may be needed to overcome the cell turgor pressure and to push the membrane inward. That force may be furnished, in a sort of ratchet mechanism, by increasing the sti¡ness of the wall. Chitin may contribute to that sti¡ness because of its relatively rigid straight chains and their proclivity to form extensive hydrogen bonds with similar chains, here attached to di¡erent polysaccharides [13, 14] . In this way, the growing remedial septa would be reinforced by additional cross-linking. We proposed a similar explanation for the need of the primary septum for contraction of the actomyosin ring in normal cytokinesis [5] . On the other hand, in the formation of normal secondary septa, cytokinesis has already been completed and no additional force to squeeze the membrane is required; therefore chitin would not be necessary here.
Our conclusions are summarized in the scheme of Fig.  6 . CSIII has three functions in the yeast cell. One is the biosynthesis of the chitin ring that cooperates with septins to maintain the integrity of the neck region [9] . Another is the formation of chitin in the cell wall of the daughter cell, after septation [4] . This chitin seems to contribute to the mechanical strength of the wall [15] . Finally, a third function is the production of chitin that allows remedial septa to complete cytokinesis when formation of the primary septum is defective because of a chs2 or a myo1 mutation. This may be akin to the general increase in chitin formation and cross-linking found in mutants with weakened cell walls [16] . The signals leading to these e¡ects have not yet been identi¢ed, but our results indicate that the yeast cell resorts to chitin whenever extra strength and rigidity of the cell wall is required.
